Abstract-A recoil detector will be installed surrounding the internal gas target of the HERMES experiment at DESY. The recoil detector will improve the selection of exclusive events by a direct measurement of the momentum and track direction of the recoiling particle. The innermost layer of this recoil detector is a new silicon strip detector (SSD). Since Monte Carlo simulations predict proton momenta as low as 100 MeV/c, the SSD will be placed inside the HERA vacuum. A new setup of the electronics enables a dynamic range from below 4 fC at a signal-to-noise ratio of 6.8 up to 270 fC. In this paper, the assembly of the first module and the final setup within the HERMES experiment will be presented. Results from charge-injection tests of a prototype module are given.
I. INTRODUCTION
T HE HERMES [1] collaboration will install a new recoil detector for the projected final two years of HERA-II running. HERMES is a fixed target experiment at HERA-e with 27.5 GeV beam energy. The recoil detector will detect protons from deeply virtual Compton scattering (DVCS) and other exclusive processes and therefore reduce the nonexclusive background while improving the transverse momentum resolution. The HERMES recoil detector will consist of three main components: a two-layer silicon detector surrounding the target cell inside the vacuum, a scintillating fiber (SciFi) tracker in a longitudinal magnetic field of about 1 T, and a photon detector consisting of three layers of tungsten radiators and scintillators. Both systems were optimized to match the recoil proton kinematics shown in Fig. 1 for the recoil protons from DVCS [2] . Boxes indicate the acceptance for the silicon and SciFi detector. The solid box for the silicon detector marks the region where momentum measurement is possible, while within the dashed box only particle tracking is feasible. The silicon detector should Within the solid box for the silicon detector, momentum measurement is possible. Within the dashed box only particle tracking can be done by the silicon detector.
detect protons with momenta from 1400 MeV/c down to the lowest value possible while covering the polar angular acceptance 0.4 1.35 rad. The lower momentum cutoff is determined by the material between the target and the detector. By using silicon sensors and placing them inside the scattering chamber vacuum, this can be as low as 135 MeV/c. Below this momentum limit, the DVCS protons pass the inner silicon layer and stop in the outer detector layer. In this momentum range, the energy deposited in silicon by a proton is a steep function of the momentum ( term of Bethe-Bloch formula). Therefore, the proton momentum can be computed from the energy deposition in the two silicon layers. If the proton stops in the second silicon layer, the system is a -detector. Fig. 2 shows the setup of the silicon strip detector (SSD) modules within the HERMES recoil detector. Eight SSD modules are placed in two layers around the elliptical gas target cell (in the center of Fig. 2 ), forming a square tube arrangement with an azimuthal coverage of about 76% [3] . The HERA electron beam passes through the unpolarized gas in the target cell (from back to the front in Fig. 2 ). The length of the target is adapted to the length of two consecutive silicon sensors (for clarity, they are not shown), by which a nearly complete coverage is achieved (cf. Fig. 1 ). The readout electronics is placed on an aluminum heat-sink which is connected to the water cooling pipes (in the background of Fig. 2 ). The two layers of SSD modules separated radially by 15 mm allow particle tracking with a vertex resolution better than the resolution of the HERMES forward spectrometer. Due to the large strip pitch of 758 m, an incident particle normal to the sensor plane will pass through only one strip of an SSD, so that the resolution can be calculated as , resulting in 219 m. In Section II, the assembly of the SSD module is explained, also with respect to the foreseen operation of the module in the high vacuum of HERA ( mbar). In Section III, results from charge injection measurements are shown. Fig. 3 shows the structure of an SSD module. The main components are two silicon sensors for particle detection and one hybrid with the analog processing and digital control electronics on each side. Fig. 3(b) shows the hybrid and detector part disconnected. Each part is produced and tested separately, and afterwards both parts are connected together. If one of the two parts fails during operation, it can still be disconnected and re- sors and flexleads is done by ultrasonic bonding with 17.5 m thick aluminum wires. The frame has to fulfill three basic requirements. First, it must offer sufficient stability for mounting the sensors while having very small cross sections of the side structures. Second, the frame material must be suitable for high vacuum applications. And finally, the thermal expansion coefficient of the frame material must be close to that of silicon, in order to avoid damages of the sensors during the gluing steps at 150 C. The materials, graphite (Fe779 from Schunk), cast aluminum (ACP5080 from Alimex), and the machinable aluminum-nitride (AlN) ceramic (Shapal M from Goodfellow), have been investigated. Table I summarizes their main properties. The outgassing rate was measured after cleaning the samples in an ultrasonic bath for 10 min. Afterwards, the samples were dried for 1 h at 150 C (Shapal M) and 60 C (graphite and aluminum). We chose the Shapal M as frame material, since its thermal expansion coefficient is very close to that of silicon. In addition, the ceramic is electrically isolating, which avoids parasitic currents between the strips of the sensors. The ceramic can be machined with standard milling and drilling techniques when diamond-coated tools are used. For the two silicon sensors with a size of cm and the flexleads on both sides, the frame has a size of mm . The side structures have a cross-sectional area of mm . In Fig. 4 , it is shown how the sensors are glued into a step of this side structures and how the electrical connection is realized.The sensors are glued into the frame with the two-component epoxy glue Epotek 353ND (Polytec). At 150 C, this gluing step only takes a few minutes. The flexleads are glued onto the frame with the 100 m thick supported preforms TFT D18-1 SP4 (Polytec). At 150 C, each gluing step takes 60 min. To protect the sensors from thermal stress, the flexleads are not glued to the sensor but onto the ceramic frame. The electrical connection is done by bonding through m large holes in the flexlead [cf. Fig. 4(a) ]. On the module's back side, the upper flexlead, which is connected to the strips of sensor 2, runs over the bond connections of the lower flexlead, which is connected to sensor 1. The bonds are protected by a 1.5 mm thick ceramic setoff, onto which the upper flexlead is glued [cf. Fig. 3(b) ]. The upper flexlead is not led above the center of the left silicon sensor in order to avoid particle absorption in this important area. The assembly of the two sensors and four flexleads takes in total nine gluing steps. The sensors are tested before and after the assembly by measuring the current-voltage ( ) characteristics. The result from the first prototype can be seen in Fig. 5 .
II. SSD MODULE DESIGN AND PRODUCTION

A. Detector Assembly
B. Hybrid Assembly
The hybrid, which hosts the readout and control electronics of the SSD module, is a four-layer design with polyimide (kapton) cores (cf. Fig. 3 ). Each hybrid reads out the 256 silicon sensor channels per SSD module's side. The total thickness of the hybrid comes to about 200 m, of which 135 m are the sum of the kapton cores and the remaining 65 m are from the four wiring layers. The hybrid is glued with a kapton adhesive sheet to a 500 m thick aluminum heatsink. The upper two layers of the hybrid are led out as a flexible part of this hybrid and form the interface to the outer electronics (I/O flexlead). Smallest structures on the hybrid are wires with widths and distances of 60 m. The hybrid has a size of cm without the I/O flexlead. The HELIX 3.0 has been chosen [3] as the analog readout IC and will be operated with a sampling and readout clock of 10.4 MHz (HERA bunch crossing frequency). Since the dynamic range of the HELIX is limited to about 40 fC, a special setup for the HELIX has been developed [3] . Each of the 128 strips per sensor is connected to one input of two different HELIX ICs, with one of these connections via a serial coupling capacitor. The 256 charge division capacitors are realized via an array of discrete components (cf. Fig. 6 ). The size of these capacitors define in which ratio the signal charge divides up be- tween the two HELIX ICs. By this, each hybrid contains two high-gain and two low-gain HELIX ICs, which enable a total dynamic range of below 4 fC up to 270 fC (cf. Fig. 7 ). The smallest expected signal is 4 fC and is equivalent to the generated charge when a proton with a momentum of 1.4 GeV/c passes the silicon sensors.
Since the analog input channels of the HELIX have a pitch of 41.4 m, two thin-film pitch adapters are used that widen up the pitch to a feasible size of 182 m. The pitch adapters (Siegert TFT) have a 500 m thick substrate and a 4 m thick aluminum metallization for the traces. In addition, the hybrid contains a radiation monitor (NMRC, Ireland), a temperature sensor (PT1000), LVDS receivers (DS90LV019) for digital control, and an analog line driver (MAX435) for the output signals. The assembly of the hybrid requires several steps. At first, the passive components are assembled in an automatic reflow solder process. Afterwards, the flux residuals of the solder process are removed with a special detergent (Safewash S) in order to keep up the vacuum compatibility. Afterwards, the active components (integrated circuits) and the pitch adapters are glued onto the hybrid with Epotek 353ND glue. Finally, the electrical connections are realized by wire bonding, resulting in about 1500 bonds per hybrid. Fig. 6 shows a photo of the assembled hybrid. The power dissipation amounts to 2.2 W (8.6 mW/channel).
III. SSD MODULE PERFORMANCE
A. Charge Injection Measurement With the Hybrid
The characteristics of the readout electronics have been tested by injecting a predefined amount of signal charge into one analog input channel of the hybrid. For this test, a pulse generator is connected via a variable attenuator and an ac-coupled capacitor of 4.4 pF to the hybrid's input. The input charge divides up between the high-and low-gain HELIX inputs, depending on the size of the charge division capacitor (cf. Section II-B). The three capacitor values 4.7, 10, and 22 pF have been analyzed, for which the signal charge divides up between high-gain and low-gain HELIX in the ratios 8.6:1, 4.6:1, and 2.6:1, respectively. For these numbers, a parasitic capacitance of each channel on the hybrid of 6 pF and an effective input capacitance of the HELIX of 30 pF is assumed. In Fig. 7 , the dynamic input range of high-and low-gain HELIX is shown for a 10 pF charge division. While the high-gain HELIX saturates at an input charge of about 60 fC, the low-gain HELIX can be operated up to 270 fC. The effective input capacitance of the high-gain HELIX does not change in saturation, which enables a linear behavior of the low-gain HELIX over the whole dynamic range. For an injected charge of 3.84 fC (24 000 electrons), a signal-to-noise ratio of 6.8 was measured. The equivalent noise charge (ENC) of the HELIX ICs depends on the defined preamplifier bias current, the shaper feedback resistance, and the capacitive load at the analog inputs. The ENC value for the standalone HELIX and default parameters can be approximated by [5] . In order to measure the noise characteristics for the HELIX ICs on the hybrid, capacitors between 6.8 and 68 pF have been connected to one analog input of the hybrid, and the corresponding noise spectra have been recorded with the connected ADC module. The rms values of the spectra are shown in Fig. 8 . With the used default operating parameters of the HELIX, the peaking time of the shaped pulse is about 50 ns [6] . The relative calibration of the ADC module to electrons ( ) was done by a charge injection measurement. In this measurement, the amount of injected charge was modified until the respective HELIX output showed a signal of the same size as the HELIX trailers. The trailers are automatically generated digital signals that are sent during each readout cycle in advance to the analog data. The trailer height corresponds to about 96 000 . By this, the number of ADC channels for the respective signal charge of 96 000 was measured. The noise of the high-gain channel increases linearly with 56 electrons ( ) per pF. The value for the noise at a zero load capacitance in Fig. 8 corresponds to the ENC of the HELIX on the hybrid and results from the parasitic capacitance of the wiring on the hybrid (8 pF max.) and the charge division capacitor (10 pF) to the adjacent low-gain HELIX. The noise of the low gain HELIX's is of minor importance, since the low gain HELIX's are foreseen to operate on very large signal charges above 40 fC, by which a large signal-to-noise ratio can be expected. 
B. Calculation of the SSD Module Performance
The parasitic capacitances of the large detector strips and the long traces on the interconnecting flexleads cause crosstalk and signal charge loss. Fig. 9 shows a calculation of the expected HELIX analog output current into 100 for different signal charges and coupling capacitances. For this calculation, an effective input capacitance of the HELIX of 28 pF and a gain of 72.9 A fC [4] was assumed. Strip and interstrip capacitance of the silicon sensor ( -side) come to 54 and 7 pF, respectively [7] . For the flexleads, an average interstrip capacitance of 4 pF has been calculated. The strip capacitance on the hybrid comes to 6 pF (average value). Fig. 9 shows that 67% of the signal charge is lost due to parasitic capacitances for highand low-gain channels. For the -side, the charge loss results in 61%, which was calculated for a strip-and interstrip capacitance of the sensor of 34 and 9 pF, respectively [7] . In Fig. 1 , it is shown that DVCS protons with a maximum momentum of about 1 GeV/c are expected. This corresponds to a minimum energy deposition within the 300 m thick silicon sensors of 0.14 MeV (6.22 fC of signal charge). Within the proposed acceptance of the silicon recoil detector (lower box in Fig. 1 ), signal charges are considerably higher with an upper limit at about 270 fC. The calculations (Fig. 9) show that the proposed acceptance can be well fulfilled with both the 22 and 10 pF charge division capacitors. Since the noise of the HELIX ICs depends on the input capacitance (Fig. 8) , the 10 pF capacitor has been chosen.
C. Outlook
Subsequent to the full characterization of the readout electronics, the hybrid will be connected to the sensor module (cf. Fig. 3 ). The complete SSD module is then characterized in a laser test-stand concerning crosstalk and the full operation of each detector channel. For this test, a laser diode with an emission wavelength of 670 nm is used that is focused on one single sensor strip. The laser test can also determine how much charge is lost when a particle hits the sensor in the middle of two strips. Finally, the exact energy calibration of each detector channel will be done in a 10 MeV proton test facility of the University of Erlangen. Detailed noise analysis will show if and in how far the capacitive coupling between high-gain and low-gain Helix ICs increases the noise. In spite of the known fact that the method of connecting one sensor output to two different charge sensitive preamplifiers is far from ideal, the presented results show that the proposed setup does not limit the aimed silicon recoil detector performance.
IV. CONCLUSION
The design and prototype realization of both main components of an SSD module for the HERMES silicon recoil detector was successfully completed. A suitable setup for the two cm large silicon sensors per SSD module within an (AlN) ceramic frame is described which protects the sensors from thermal induced stress during the gluing steps at 150 C. The two-sided assembly of the interconnecting 50 m thick polyimide flexleads proved to be reliable. The dynamic input range of the readout electronics is increased by about a factor of five by a charge dividing circuit coupled to HELIX 3.0 ICs. This could be confirmed by charge injection measurements with the readout electronics. Outgassing measurements of all SSD module components show acceptable results for an operation within the HERA vacuum. The commissioning of the HERMES recoil detector is foreseen for 2005.
